The spatial distribution of the differential conductance for ultrathin Pb films grown on Si(111)7×7 substrate is studied by means of low-temperature scanning tunneling microscopy and spectroscopy. The formation of the quantum-confined states for conduction electrons and, correspondingly, the appearance of local maxima of the differential tunneling conductance are typical for Pb films; the energy of such states is determined mainly by the local thickness of Pb film. We demonstrate that the magnitude of the tunneling conductivity within atomically flat terraces can be spatially nonuniform and the period of the small-scale modulation coincides with the period of Si(111)7×7 reconstruction. For relatively thick Pb films we observe large-scale inhomogeneities of the tunneling conductance, which reveal itself as a gradual shift of the quantized levels at a value of the order of 50 meV at distances of the order of 100 nm. We believe that such large-scale variations of the tunneling conductance and, respectively, local density of states in Pb films can be related to presence of internal defects of crystalline structure, for instance, local electrical potentials and stresses.
I. INTRODUCTION
Reduction in size of logical elements, sensors and conducting wires connecting them leads to that their transport properties can be influenced by discreteness of electrical charge, spatial disorder as well as quantum-size effects [1] .
Ultrathin Pb films and islands appear to be convenient objects for the investigation of quantum-size effect in metallic nanostructures ( [2] - [14] and references therein). Quantized electron states can be investigated by lowtemperature scanning tunneling microscopy and spectroscopy (STM/STS) [2] - [9] , transport measurements [10, 11] and photoemission studies [12] - [14] . An appearance of peaks of the differential conductance at certain bias voltages of the sample U n and maxima of conductance at certain values of the potential difference as well as an appearance of maxima of photoemission for certain energies of photon were demonstrated for thin Pb films. In particular, the set of the energy values, corresponding of the local maxima of tunneling conductivity with respect to the Fermi level E n = eU n + E F , depend on the local thickness of Pb film and relate to the quantized energy levels in a one-dimensional potential well with boundaries at the interfaces 'metal-vacuum' and 'metal-substrate' (Fig. 1) . Usually the observed effects are interpreted in terms of the resonant tunneling through quasi-stationary energy levels at E ≈ E n . The energy spectrum E n of a particle in the one-dimensional well with the constant potential is defined by the BohrSommerfeld quantization rule [4] :
Here ϕ 1 and ϕ 2 are the phase shifts for the electronic close to E F , the parameter n characterises the number of the half-waves. Note that for the chosen value E * the standing waves are absent for the terrace of the local thickness
wave function reflected from the upper and lower interfaces, respectively; k ⊥,n is the spectrum of allowed values of the wave vector transverse with respect to the interfaces; d is film thickness, n = 0, 1, .. is an integer-valued index. A theory of the quantum-size effects in Pb(111) films within ab-initio models was presented in [15] . It should be mentioned that besides Pb films the quantumsize effects were also observed in Ag, Cu, In, Sn and Sb [12, [16] [17] [18] [19] [20] .
We would like to emphasize that the investigation of peculiarities of the resonant electron tunneling in solidstate nanostructures seems to be important diagnostic instrument similar to other techniques based on interfer-ence of waves (e.g., optical, mechanical, electronic etc.). The visualization of atomic structure of the lower interface under metallic layer was demonstrated in [4] and this effect is based on the dependence of ϕ 2 on the lateral coordinates. The possibility to visualize defects such as monoatomic steps in the substrate and the inclusions of other materials under metallic layer, which were invisible in a topographic image, was shown in [9] . The estimates indicate that the thickness of a monolayer d M L for the Pb(111) surface is equal to 0.285 nm, the Fermi wavelength λ F is equal to 0.394 nm, therefore the ratio λ F /d M L is close to 4/3 [5] . Consequently, the following conclusion should be valid for the electronic states in the form of standing waves with E E F [5, 7, 9] : the energy of the state with the number of zeros n for the film with the local thickness N d M L should be close to the energy of the state with the number of zeros n + 3 for the film with the local thickness (N + 2) d M L (Fig. 1) . Indeed during the measurements at the certain energy the relocation of the STM-tip from one area to another area whose local thicknesses differ in d M L should result in a drastic change of the differential conductance [3, 5, 9] , what makes possible to reveal the areas with even or odd numbers of monolayers [9] . The diagrams U n − d allows one to recover the dependence E(k ⊥ ) and to estimate the thickness of the wetting layer, the effective mass and speed of electrons [3, 5, 6, 9] . Based on the analysis of the dependence of the width of the resonant tunneling peaks on temperature, the estimates of lifetime for different scattering mechanisms were derived [6] . This paper is devoted to the experimental investigation of spatial inhomogeneity of the differential tunneling conductance for thin Pb films by means of low-temperature STM/STS. It allows us to find the correlation between local electronic properties and locations of structural defects. It is worth to note that during STM-investigation of large areas a map of feedback-loop signal which is usually associated with a topographic image can be distorted because of different scanning speed along the x− and y−axes and variation in temperature of a piezo-scanner, what results in uncontrolled shift of the tip along the z−axis. In particular, the visible height of monoatomic step in the topographic image may differ from the ideal value and the atomically flat terraces may look like notflat. We propose a method for visualization of areas with apparent and hidden defects based on simultaneous measurements of topography and differential tunneling conductance directly during scanning process. It makes possible to discriminate the images with artifacts caused by instrumental and processing imperfections and the images with real defects. We believe that observed largescale inhomogeneities of the differential tunneling conductance on the terraces of nominally constant height can be related with defects of crystal structure and thus point to, for instance, local electrical potentials and stresses. 
II. EXPERIMENTAL PROCEDURE
Investigation of the electro-physical properties of Pb nanostructures is carried out on the UHV LT SPM Omicron Nanotechnology setup. Thermal deposition of Pb (Alfa Aesar, purity 99.99%) is performed on the reconstructed surface Si(111)7×7 at room temperature and pressure 3 · 10 −10 mbar at a rate of the order of 0.5 nm/min, the deposition time is varied from 5 to 40 min.
The topography of the Pb islands is studied by STM at a temperature of 78 K in the regime of constant tunneling current I at a given bias potential U of the sample relative to the tip of a tunneling microscope. Etched tungsten wires with apex cleaned by electron bombardment in ultra-high vacuum are used as tips. All topographic images are processed by a subtraction of a plane defined by three reference points in order to reduce global tilt. The electronic properties of the Pb islands are investigated by single point tunneling spectroscopy, consisting of measurements of series of the dependences I(U ) and G(U ) at a fixed position of the tip, where G ≡ dI/dU is the differential tunneling conductivity of the tip-sample con-tact. In addition, maps of the local differential conductance are obtained by means of modulation scanning tunneling spectroscopy. Using a Stanford Research SR830 lock-in amplifier we measure the amplitude of the accomponent of the tunneling current, which appear for the modulated bias potential U = U 0 + U 1 cos(2πf 0 t), where f 0 = 7285 Hz. Apparently that under the condition U 1 U 0 the amplitude of the oscillations of the tunneling current at the modulation frequency f 0 is proportional to the differential conductance G(U 0 ). Provided that f 0 significantly exceeds the threshold frequency of the feedback loop (∼ 200 Hz), the modulated potential applied to the sample should not result in the appearance of any artifacts on the topographic images. Such technique [9] allows us to synchronously obtain both topographic images in the regime of constant average current I 0 and the dependence of G on the lateral coordinates x and y at the given value U 0 .
III. RESULTS AND DISCUSSION
The growth of Pb on the Si(111)7×7 surface at room temperature is known to occur through the StranskiKrastanov mechanism: first a disordered wetting Pb layer with the thickness of the order of 1 nm is formed, then two-dimensional Pb islands with the upper facets corresponding to the (111) plane start to grow. It was shown [2] - [9] that the local tunneling conductance G depends on U 0 in non-monotonous way (Fig. 2b) . Particularly, the values U n corresponding to the peaks on G(U 0 ), depend on the local thickness of Pb film and on the boundary conditions for an electron wave function.
The topographic image of the surface of the Pb island (panel a) and the differential conductance maps G(x, y, U 0 ) at two different energies, acquired simultaneously with the topographic image at forward (panel c) and backward (panel d) scanning directions, are shown in Fig. 2 . Since the interval ∆E between the neighbour maxima at the G(U 0 ) dependence is equal to 185 meV (Fig. 2b) and the Fermi velocity is equal to v F ≈ 1.8 · 10 8 cm/s [2, 9] , one could estimate the local thickness of this island d π v F /∆E 19 nm or approximately 70 monolayers. The local thickness of the Pb island in the area I exceeds the local thicknesses in the areas II and III by one and two monolayers, respectively. As a consequence, the local tunneling conductances in the areas I and III are practically equal at two different energies and both differ from the conductance in the area II (Fig. 2c,d ). Note that a gradual variation in the height in the vicinity of the center of the screw dislocation does not lead in a gradual change of the differential conductance. Indeed, the conductance changes drastically upon crossing a line invisible at the topographic image which corresponds to the hidden part of the dislocation loop inside the Pb film (dashed line in Fig. 2a) . Since in the regions where the dislocation line is parallel to the surface such dislocation line has to be either an edge dislocation or a mismatch dislocation, the number of the monolayers changes by one upon relocation from the area III to the area IV. However in the vicinity of the dashed line the change in numbers of the monolayers occurs at constant height of the film, therefore the electronic concentration n should be changed abruptly. Taking into account that
in the model of free electron gas [21] , the bottom of the conduction band in the area IV should be shifted down at the value of the order of δE 0 ∼ 2E F /(3N ) = 90 meV in order to ensure the constancy of the Fermi level, where m * is the effective mass which is close to the mass of free electron for Pb films in the (111) direction [9] , E F 9.47 eV is the Fermi energy for bulk Pb [21] , N 70 is the number of the monolayers in the considered area. Since δE 0 is close to the half of ∆E, the relocation across the invisible part of the dislocation loop should be accompanied by a sharp change in brightness for the maps of the tunneling conductance.
Note that the tunneling conductance even within single terrace is not strictly constant. Figure 3 shows the topography (a) and the map of conductance (b) for the Pb island and it has the thickness about six monolayers over the wetting layer according to our estimates. This topographic image contains signatures of hexagon lattice what is confirmed by presence of well-defined peaks of the first and second orders on the map of amplitudes of the Fourier components (Fig. 3c) . The spatial modulation with the same wave vectors takes place for the tunneling conductance ( Fig. 3b and d) . One can suggest that the observed periodicity is conditioned by an influence of the crystalline structure on the tunneling density of states in Pb films, since the period of modulation coincides with the period of the reconstruction Si(111)7×7. Such effect can be related with the variation of the phase of electron wave reflected from the interface 'metal-substrate' at different points of the surface and can reveal itself as a periodic shift of the peaks of the tunneling conductance as well as the Moiré contrast [3, 4] .
For a more careful investigation of the short-scale inhomogeneities of the differential conductance we consider the area 11.6×11.6 nm 2 of atomically-flat terrace of the Pb island with a thickness of 60-70 monolayers. For this island we perform the series of measurement at the grid 32×32 (grid spectroscopy) with a step of 0.36 nm. The spatial dependence of the conductance on the coordinates x and y at U 0 = 490 mV is shown in Fig. 4a . Several typical local dependences G(U 0 ) are shown in Fig. 4b . Note that depending on the measurement location the local tunneling spectra contain either the set of well-defined peaks or these peaks are badly distinguishable. For analysis of the dependence of the position and amplitude of the resonant peaks on energy and coordinates it is convenient to remove a non-resonant background. With this purpose all 1024 spectral curves were averaged over the scanning area and then the mean conductance G(U 0 ) (the thick solid line in Fig. 4b ) was approximated by a third-order polynomial dependence in order to exclude any effects of quantum-confined states. This approximation polynomial B(U 0 ) (background) is shown in Fig. 4b by dashed line. The differences of the local conductance from the non-resonant background B(U 0 ) as a function of bias U 0 and the coordinate y for two values x = 3 nm (c) and x = 7 nm (d) are shown in Fig. 4 . It is easy to see that the areas with pronounced peaks of the differential conductance alternate with the areas with no peaks, unclear peaks or peaks shifted to different energy. Figure 5 shows the topographic image and the map of the differential conductance for the Pb islands, where the terraces of monoatomic height have a form of concentric circles. It should be noted that the conductance in the areas I and IV is close to the maximal value, while the conductance in the areas II and III is close to the minimal value. It allows us to conclude that there is an invisible step of monoatomic height in the substrate what results in a drastic change in conductance within single Pb ter- race (paths I-III and II-IV in Fig. 5b ). Besides that we found out the terraces with a gradual change in conductance at a given energy (for instance, paths V-VI in Fig. 5b and I-III and II-IV in Fig. 6b ). The appearance of the regions with gradual change of differential conductance looks quite surprising since in elementary models a film thickness should be equal to an integer number of monolayers and, consequently, the tunneling conductance should varies discretely. Note that the appearance of the gradual contrast at the maps G(x, y, U 0 ) cannot be related to a modification of a tip apex during measurements, since the areas with sharp and edges are observed simultaneously. Figure 5c , d show the cross-sections of the topographic image and the map of the differential conductance along the A-B line, which is close to the direction of fast scanning. It is easy to see that the gradual change of conductivity marked by the circle in Fig. 5d corresponds to the gradual variation of the height of the order 0.2 d M L at the topographic image marked by the circle in Fig. 5c .
We think that the observed phenomenon is related to the presence of internal stress in Pb film which affect both the actual height of the terraces and the energy of the bottom of the conduction band. To the contrary, the cross-section of the map of the differential conductance along the C-D line close to the direction of slow scanning is a function which has two limiting values (Fig. 5f) . As a consequence, the local thickness of the Pb film along this line should be varied in a quantized way and the complicated shape of the profile along the same line (dashed circles in Fig. 5e ) is apparently an artifact caused by imperfection of both piezo-scanner and procedure of the compensation of the global tilt.
In order to study the peculiarities of the differential conductance for Pb films with gradual large-scale inhomogeneities as a function of the coordinates and the energy we investigate the area of the Pb island with three monoatomic steps; the height of this island is about 60 monolayers. The topography of this islands is shown in Fig. 6a . A detailed analysis of the cross-sections along the lines I-II and III-IV profiles points to a monotonous variation of the height of the terraces at about 0.2 d M L in the interval from y = 0 to y = 100 nm, what can be easily recognized in Fig. 6a by a change of colors. The map of the differential conductance (Fig. 6b) evidences about the presence of sharp boundaries, for instance, upon re-locating from the area I to the area III, whose heights differ by one monolayer. However upon the tip relocation from the area I to the area II (or III-IV) a gradual change of the tunneling conductance takes place: the conductance at U 0 = 900 mV decreases along the line I-II and it increases along the line III-IV (Fig. 6b,c) . In the same area the series of the current -voltage characteristics and the spectra of the differential tunneling conductance are obtained at the grid 32×32 and then a non-resonant background is subtracted using the procedure described above. The results of these measurements indicate that there is the gradual shift of the levels of the quantum-confined states towards higher energy of the order of 50 mV happens along the y−axis (Fig. 6d,e) . In the other words, we observe the gradual transition from the local maximum on the G(U 0 ) dependence at the energy 900 mV (vertical line in Fig. 6d ) to the local minimum provided that the tip is shifted along the line I-II, what corresponds to the decrease in the tunneling conductance (Fig. 6b,c) . Similarly the shift along the line III-IV at the energy 900 mV causes the gradual increase of the conductance (Fig. 6e) . It would be noted that upon relocation in the horizontal direction between the areas V and VI a position-independent differential conductivity is observed with abrupt change at the terrace edge (Fig. 6f) . Consequently, the monotonous change of the height of the terrace is accompanied by the changes of electron properties of the sample and results in a systematic shift of the quantized quantum-confined levels in the interval from y = 0 to y = 100 nm. Note that the observed shift of the energy levels is close to the estimate of the shift of the bottom of the conduction band δE 0 caused by the change of the local electron density.
Turning back to the simplest model (1) of the localised electron states in a one-dimensional potential well, one can state that the gradual shift of the quantum-confined levels can be caused by, first, a monotonous change in the thickness of Pb layer d(x, y), second, a change in the energy of the bottom of the conduction band E 0 (x, y) and, third, a change in the boundary conditions at the interface 'metal-substrate'. The last circumstance is probably responsible for the small-scale inhomogeneity of the electronic properties. We suppose that mechanical stress of the crystalline structure, what arise during growth process of the Pb structures and can result in the change both the energy E 0 and the height of terraces, is the most probable origin of appearing of the areas with the gradual inhomogeneity of the tunneling conductance.
IV. CONCLUSION
We demonstrate that the change in the local thickness of the Pb film by one monolayer due to monoatomic steps at the lower or upper interfaces results in abrupt spatial variation (with typical length scale of the order of several nm) of the average differential conductance at the given energy. The observed small-scale modulation of the tunneling conductance (with typical period ∼ 3 nm) is related with an influence of the periodic potential of the substrate, which is the reconstruction Si(111)7×7. Besides that the large-scale variations of the differential tunneling conductance within single terrace of the Pb island are observed, manifesting as the gradual change of the quantum-confined energy levels at a value of the order of 50 nm at the lateral scales of the order of 100 nm. A possible reason of the appearance of the large-scale variations is the spatially-inhomogeneous internal stress in thin Pb films, which can result in non-quantized changes in the thickness of the Pb layer different from the integer number of monolayers. Systematic investigation of the dependence of differential conductivity on the coordinates and energy is a convenient method for studying of internal defects in Pb nanostructures.
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